Background: Sex estimation using the subpubic angle of the pelvis is highly accurate for identification of unknown skeletonized remains. This study compared two methods for measuring the subpubic angle from reconstructed three-dimensional (3D) pelvic models. The aims were to quantify the differences in the subpubic angle measurement by Checkpoint (Method 1) and MeshLab + OnScreenProtractor (Method 2), to determine the 95% limits of agreement and to identify any measurement bias. Multislice computed tomography (MSCT) scans of 85 individuals were used in this study. The MSCT scans were performed on a Siemens SOMATOM Sensation 64 scanner (Siemens Germany Ltd.). Segmentation of the MSCT scans was performed using 3D Slicer to reconstruct 3D pelvic models. Subpubic angle was measured on Checkpoint using four landmarks (Method 1), and with OnScreenProtractor on MeshLab (Method 2). Results: The intraclass correlation coefficient (ICC) showed a high correlation between repeated measurements in both methods. Subpubic angle measurements by Method 1 and Method 2 were significantly different (p < 0.05). Method 2 (M = 82.2°, SD = 13.5°), consistently showed a larger subpubic angle measurement than Method 1 (M = 77.3°, SD = 12.3°) (consistent bias). More than 95% of the differences (82/85) between Checkpoint and MeshLab fell within the 95% limits of agreement (− 1.4°and 11.4°). Conclusion: Checkpoint and MeshLab displayed significantly different subpubic angle measurement on a 3D pelvic model, but within the 95% limits of agreement. The MeshLab tended to give a larger measurement (5°), across the magnitude of the subpubic angle. The decision to use the two methods interchangeably depended on the clinical judgment of the observer.
Background
The subpubic angle has been widely accepted in different fields of physical anthropology as one of the most sexually dimorphic features of the pelvis (Rösing et al. 2007; Karakas et al. 2013) . Sex estimation using the subpubic angle alone, or with other parts of the pelvis-e.g., ventral arc, ischiopubic ramus, pubis, obturator foramen-can reach an accuracy of up to 98% (Phenice 1969; Durić et al. 2005; Rösing et al. 2007 ). The emergence of virtual anthropology has popularized the use of virtual bone samples. For populations with limited dry bone collections, virtual bones from living contemporary population can be used to establish the morphometric standards (not limited to the subpubic angle of the pelvis, but also other bones). Many researchers have used virtual bones in their research to establish population-specific standards (Decker et al. 2011; Karakas et al. 2013; Franklin et al. 2014; Torimitsu et al. 2015a; Franklin et al. 2016 ). These population-specific morphometric standards may be used in a forensic scenario to establish a biological profile for identification of unknown skeletal remains, and the subpubic angle may be used for sex estimation in particular.
Several methods have been employed in morphometric studies using virtual bone samples, including photographs, projection images, radiographs, and computed tomography (CT) images (Msamati et al. 2005; Small et al. 2012) . Although minimal preparation is required before bone measurement, the methods for virtual bone preparation and measurement can be costly and/ or highly technical. Methods to be employed relies on the type of virtual bone samples and resources available. Traditionally, the subpubic angle is measured on a dry pelvic bone using a protractor. However, on a virtual bone sample, various methods may be used for the subpubic angle measurement (Cignoni et al. n.d.; Decker et al. 2011; Torimitsu et al. 2015b; Franklin et al. 2016) .
Checkpoint (Stratovan, Davis, CA) is a 3D shape analysis and morphometric software, which can measure an angle and take linear measurements of bones in 3D. Meanwhile, MeshLab is a free, open-source software for general 3D mesh processing system tool (Cignoni et al.) . Checkpoint requires a subscription, while MeshLab is free to be installed and used. Both software offer capability to visualize 3D bone images and to take linear measurements of bones. The measurement of subpubic angle on MeshLab can be performed using an OnScreenProtractor (GNU GPLv3), while on Checkpoint, the angle can be measured using a built-in tool. This study compared between the two methods (Checkpoint and MeshLab) for measurement of subpubic angle on 3DCT pelvic models. This study is a part of research efforts to measure the subpubic angle (with a larger sample size, and other linear pelvic measurements) to establish the population-specific standards. One of these methods will be employed in future study. The results from this study (the software and the level of agreement between the software) may also be useful to other researchers who may want to use virtual pelvic bones to measure the subpubic angle in their research context (either the measurement of subpubic alone or together with other pelvic linear measurements). Thus, this study aimed (1) to quantify the mean differences in the subpubic angle, (2) to determine the 95% limits of agreement, and (3) to identify any measurement bias, between these two methods.
Materials and methods

Materials
A total of 85 abdominopelvic multislice computed tomography (MSCT) scans from individuals presented at the Radiology Department of Universiti Kebangsaan Malaysia Medical Centre (UKMMC) for a radiological investigation were included in this study. Sex and age of the individuals were documented. Anonymization of the MSCT scans was performed using the patient registration number. The samples comprised 48 male individuals (age range, 20-78 years; mean age, 46.6 ± 18.1 years) and 37 female individuals (age range, 22-79 years; mean age, 49.8 ± 13.1 years) from the modern Malaysian population. CT scans with obvious abnormalities (e.g., fractures, prostheses) were excluded from the study. The ethics approval was granted by the Research and Ethics Committee of Universiti Kebangsaan Malaysia (Research Ethics No: UKM PPI/111/8/JEP-2018-006).
Methods
Data acquisition and reconstruction
Abdominopelvic CT imaging was performed using MSCT on a Siemens SOMATOM Sensation 64 scanner (Siemens Germany Ltd.) with scanning and reconstruction protocol (120-140 kVp, variable mAs, 1.0 mm slice thickness, B30f kernel, 512 × 512 matrix). The CT scans were retrieved as Digital Imaging and Communications in Medicine (DICOM). Segmentation of the 3D volumetric data of the CT scans was performed on 3D Slicer (3D Slicer, Brigham Women's Hospital, Boston, MA, US) (Fedorov et al. 2012) , which is a free, open-source, cross-platform software program for medical image computing. Different modules of the 3D Slicer were utilized to segment the region of interest (ROI) based on the radiodensity of the structure. Unwanted parts (i.e., soft tissues, femoral heads, lumbar vertebrae) were removed using the threshold values. A 3D surface model of the pelvis was generated and automatically smoothed by Editor Module and Make Model Effect tools on the 3D Slicer. The pelvic 3DCT model was exported as a polygon file (PLY) for measurement of subpubic angle.
Method 1: Landmark application and subpubic angle measurement on Checkpoint
Application of landmarks on the 3DCT model of the pelvis was performed using Stratovan Checkpoint (Version 2018.09.07.0325). Segmentation based on the threshold density removed the pubic cartilage from the final 3D pelvic model due to its lower Hounsfield unit (HU) as compared to the pelvic bone. Four landmarks were used for measurement of the subpubic angle, to accommodate for the post-segmentation gap between the symphyses pubis. Landmarks were defined and illustrated (Table 1 and Fig. 1 ). Following the landmark application, the subpubic angle was automatically measured using a built-in, angle-measuring tool in the Checkpoint software. In a landmark-based measurement, the reliability of measurement depends on the repeatability of landmark identification by the observer, according to the landmark protocol (Zelditch and Swiderski n.d.). The subpubic angle was measured twice by one observer (first and second sets of measurement).
The repeated measurements (first and second sets) were used in the reliability study for both methods. In the method comparison study, only one set of measurement (first set) from each method was used in the analysis (Bland and Altman 1986) .
Method 2: Subpubic angle measurement on MeshLab with OnScreenProtractor
Measurement of the subpubic angle on the MeshLab was performed using an OnScreenProtractor (GNU GPLv3), which is a Java application that allows measurement of an angle on the computer screen. The 3D pelvic model was properly oriented (Fig. 2 ) on the MeshLab for visualization of the subpubic angle (White and Folkens 2005) , before the OnScreenProtractor was used to measure the subpubic angle. During the subpubic angle measurement, the 3D pelvic model was rendered static for accurate measurement (Fig. 2) . The subpubic angle was measured twice by one observer (first and second sets of measurement). The repeated measurements (first and second sets) were used in the reliability study for both methods. In the method comparison study, only one set of measurement (first set) from each method was used in the analysis.
Statistical analyses Reliability
Intraclass correlation was performed to test the reliability of repeated measurements. The intraclass correlation coefficient (ICC) estimates and their 95% confidence intervals were based on two-way mixed effects, single measurement for absolute agreement (Bland and Altman 1986; McGraw and Wong 1996) . The ICC value is between 0 to 1, in which values greater than 0.9 indicate excellent reliability, values between 0.75 to 0.9 indicate good reliability, values between 0.5 to 0.75 indicate moderate reliability, and values less than 0.5 indicate poor reliability (Koo and Li 2016) .
Univariate analysis and method comparison study
Paired sample T test was performed to quantify the difference between the means of measurement by Method 1 (Checkpoint) and Method 2 (MeshLab + OnScreenProtractor). Comparison of Method 1 and Method 2 in this study was conducted according to Bland and Altman (Bland and Altman 1986) . Measurement data for both methods were normally distributed (determined using Shapiro-Wilk statistic), albeit it was not necessary for both data to be normally distributed in a study of method comparison (Bland and Altman 1999) . Measurement data of Method 1 and Method 2 were plotted in a scatter diagram with a line of equality (the line on which scores would lie if the two methods gave the same measurements), to demonstrate any consistent The landmarks are shown in Fig. 1 a Definition following and/or adapted (Decker et al. 2011) Fig. 1 Pelvic image showing subpubic angle measurement using the Checkpoint (Method 1). Landmarks definition in Table 1 Mohd Ali et al. Egyptian Journal of Forensic Sciences (2019) 9:57 bias in the measurements by the two methods (Bland and Altman 1986) . A Bland-Altman plot was used to estimate the agreement between Method 1 and Method 2. The differences between measurements (Method 2 − Method 1) were plotted against the average measurements ((Method 1 + Method 2)/sample size). In this study, the differences between measurements were normally distributed (determined using histogram and Shapiro-Wilk statistic), which fulfilled the assumption of 95% limits of agreement in methods comparison study (Bland and Altman 1999) . Horizontal lines for the mean difference and the 95% lower and upper limits of agreement (mean + 2SD, mean − 2SD) were plotted to show any measurement bias or outliers. The standard errors and 95% confidence intervals for the limits of agreement were calculated to determine the precision of the estimates. The standard error of the limits of agreement is about ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 3SD 2 =n p , where n is the sample size (Bland and Altman 1986) . The 95% confidence intervals for the limits of agreement were calculated from the observed value minus t standard errors to the observed value plus t standard errors (t value is the appropriate point in the t distribution table with n − 1). All data were analyzed using IBM SPSS® Version 25.0 statistical package for Macintosh, and the significance level was set at 0.05.
Results
Intraclass correlation coefficient
The intraclass correlation (r) for the subpubic angle by the Checkpoint was 0.999 (r 0.998 for the lower bound, and r 0.999 for the upper bound with 95% confidence interval). The measurement of the subpubic angle by the MeshLab + OnScreenProtractor exhibited an intraclass correlation of 0.998 (r 0.997 for the lower bound, and r 0.999 for the upper bound with 95% confidence interval). In the present study, for both Method 1 and Method 2, the intraclass correlation for the subpubic angle measurement indicated a strong correlation between measurements by the primary observer on two separate occasions, hence showing high reliability of measurements (McGraw and Wong 1996; Koo and Li 2016) . Table 2 represented the descriptive statistics for the subpubic angle measurements by Method 1 and Method 2. Paired sample T test showed that there was a significant difference between the two methods of subpubic angle measurement (t (84) = 14.3, p = 0.001, 95% C.I. [4.28, 5.66] ). The mean measurement for Method 2 (M = 82.2°, SD = 13.5°) was significantly larger than Method 1 (M = 77.3°, SD = 12.3°).
Univariate statistic
Data plot
Scatterplot of the measurements by Method 1 and Method 2 is shown in Fig. 3 . Nearly all of the points laid to the left of the line of equality, which indicated a consistent bias between both methods. Method 2 (MeshLab + OnScreenProtractor) tended to give a larger subpubic angle measurement by 5°(rounded from 4.97°), across the magnitude of the subpubic angle (Fig. 4) . Bland-Altman plot
The differences between measurements were plotted against the average measurements in the Bland-Altman plot (mean difference 4.97°± 3.2°) (Fig. 4) . The limits of agreement were between − 1.4°and 11.4°, which means that for 95% of individuals, the subpubic angle measurement by Method 2 would be 1.4°smaller and 11.4°larger, than that measured by Method 1. More than 95% of the differences (82/85) fell within the limits of agreement (− 1.4°and 11.4°), with one outlier above the upper limit of agreement and two outliers below the lower limit of agreement. As expected in this study sample population (n = 85), several observations (0.28 to 8.2) were probably laid outside the 95% limits of agreement (Bland and Altman 1986) .
Precision of estimated limits of agreement
The limits of agreement in this study were only estimates of the values for the whole population. Standard errors and confidence intervals would illustrate the precision of the estimated limits of agreement when the differences were normally distributed Altman 1986, 1999) . In this study, the differences were indeed normally distributed. Thus, standard errors and confidence intervals could be used to illustrate the precision of the estimates. The 95% confidence intervals for the limits of agreement were illustrated (dashed lines) (Fig. 4) . The confidence intervals for the lower and upper limits of agreement was − 0.2°to −2.6°and 10.2°to 12.6°, respectively.
Discussion
Different types of bone samples require different methods of preparation and analysis to obtain an accurate measurement. The current trend of using virtual bone samples includes the MSCT scan of bones, for the development of population standards to establish a biological profile of unknown skeletal remains (Franklin et al. 2016) . Computed tomography (CT) bone samples can be measured using different techniques and Method 1) , a subscription-based software, and MeshLab + OnScreen-Protractor (Method 2), which were free software. Both methods were relatively easy to use, in the measurement of subpubic angle on reconstructed 3D pelvic models. Technically, the 3D pelvic models resemble more of a real pelvic bone compared to the 2D pelvic images (e.g., photographs, radiographs, projection images). During measurement of the subpubic angle, the observer can manipulate and move a 3D bone model better than in 2D, to determine the subpubic angle. Models in 3D are flexible in 360°, while in 2D are relatively fixed in position, imposing some restrictions in their measurements. However, measurements using a 3D model with a software that measures in 2D can lead to some errors associated with measurement in 2D (Muñoz-Muñoz and Perpiñán 2010; Kula et al. 2017) .
Some lack of agreement is inevitable when using different methods of measurement, to measure the same variable, on the same sample (Bland and Altman 1986) . However, the amount of disagreement between the methods matters in deciding whether the new method can replace the "standard" method or the two methods (new and "standard") can be used interchangeably (Bland and Altman 1986) . It is vital that the disagreement amount does not affect the interpretation of the results (Bland and Altman 1999) . Ideally, both methods in this study should be compared to the traditional method of subpubic angle measurement, using a protractor. However, this is impossible to perform as the samples were obtained from living individuals. Thus, measurement protocols nearest to the "standard" method (protractor) may be regarded as the protocol that will provide measurement closest to that measured by a protractor, which was the protocols in Method 1 using the Checkpoint (measured in 3D).
Measurement of the subpubic angle by Method 1 resembled more of a measurement on a real bone. The 3D pelvic model can be rotated 360°to determine the exact anatomical landmarks for the subpubic angle measurement defined in the study protocol (Table 1, Fig. 1 ). Landmarks can be moved (after the angle was initially measured using the angle measurement tool of the software) if required. The software automatically redetermined the "new" angle, until the observer was satisfied with the location of the landmarks.
In Method 2, the 3D pelvic bone model was viewed in 360°and properly oriented to visualize the subpubic angle before the measurement using the OnScreenProtractor. The OnScreenProtractor measured the subpubic angle on the model, on the computer screen, in 2 dimensions (2D). The pelvic model was rendered static during the measurement. If the pelvic model was moved, the OnScreenProtractor had to be repositioned to measure the subpubic angle. 
